The two-mass model is very often presented as a simple but efficient model quite well adapted for the purpose of voiced sounds numerical simulation. It appear however that the description of the flow through the glottis is usually oversimplified. To some extent this point could explain the limits of the model. This paper proposes a more precise description of the flow through the glottis. In particular a quasi-steady moving flow separation point is introduced. A validation of the theory under unsteady-flow conditions is presented here. The importance of the revised flow model for phonation modelling is evaluated and discussed using a simple model for the vocal cords based on the well-known two-mass model.
Introduction
Modelling of voiced sounds production requires both a model for the mechanics of the vocal cords and a model for the air flow through the glottis. Most models presented in the literature [I-41 are in fact introducing improvements of the mechanical description. However, the fluid mechanics remains usually extremely simplified. Our aim is not to propose another model but to try to improve existing models by a more realistic flow description. We thus present a revised flow model which is compared to Ishizaka and Flanagan flow model. The validation of the proposed theory is done using unsteady-flow in-vitro experiments. In order to evaluate the effective importance of the revised flow model, an application to a simple mechanical model for the vocal cords is then presented.
I. Revised flow theory.
We present here a comparison between the proposed revised flow theory and the flow model proposed by Ishizaka et al. [2] (I&F model), which is the most commonly used flow model.
The first point of table I refers to the behaviour of the flow at the glottal entrance. In I&F description, it is assumed that flow separation takes place (vena contracta effect) and that strong pressure losses are induced (37 % of the initial pressure). In fact, the vena contracta effect is known to occur at a discontinuity with sharp edges [5] . Since the glottal entrance is rounded (and pro$ressive) we do not consider such effect to be relevant. The second point refers to the occurrence of flow separation within the glottal channel. This point is particularly important during the closing phase where the glottis forms a diverging charnel. In such a case, the flow model of Ishizaka et al. implicitly assumes that flow separation takes place at a fixed position (the end of the glottal channel). In the proposed flow model, we consider the possibility of a moving flow Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1994594 separation point. Prediction of flow separation's position is done using a simplified boundary-layer model [6,71. Finally, the last point concerns the behaviour of the glottal flow after flow separation has occurred. In the I&F model a quasi-steady reattachment of the flow is assumed. Because the quasi-steady assumption doesn't seem fully consistent in such a case and because the pressure recovery in I&F is almost negligible, we simply do not consider any pressure recovery effect.
Experimental validation
Several different experiments were performed in order to test the validity of the revised theory [6, 7, 8] . In this paper only unsteady-flow experiments are presented.
Experimental set-up.
The experimental set-up is depicted in figure 1 . It consists into a glottal model made about three times larger than physiological size, placed at the end of a reservoir. The unsteady flow conditions were performed by impulsively opening a dynamic valve. Due to the typical Strouhal numbers involved (Sr = 0(10m2)), we expect the unsteady effects to be comparable to those encountered during phonation . Dynamic pressure measurements have been done using acceleration compensated piezo-electrical gauges (PC116A) while local flow velocity was measured using a hot wire.
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Mean flow prediction. The glottal model used consisted into a straight channel with a rounded entrance. As flow separation is imposed to occur at the sharp edged outlet, this model allows the validation of the mean flow prediction (and in particular of the occurrence of a vena contracta effect at the entrance of the glottis). Figure 2 figure 2(b) is presented a comparison between the measured flow velocity at separation (jet velocity) and the theoretical expectations inferred from the pressure signal shown in figure 3 (a) . As can be clearly seen assuming a vena contracta effect at the entrance of the glottal channel strongly underestimates the flow velocity. The proposed flow model is in good agreement with the measured data.
The strongest discrepancies occur for the very first milliseconds. The assumption of a quasi-stationary jet flow after separation is not accurate during this period. Vortices formed during the initialisation of the flow are still very close to the outlet.
Flow separation prediction.
The glottal model under test consisted into a diverging channel with rounded entrance. The angles of divergence studied were: (r = 10' and a = 20' . As an example of results figure 3(a) The results presented here reveal a good accuracy for both the mean flow prediction (section 1.2.2) and the prediction of the flow separation point (section 1.2.3). These experiments also confirmed that a vena contracta effect is certainly not relevant when it complies with a rounded entrance, like the entrance of the glottis.
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Application to a numerical model.
Description of the model.
We chose for simplicity, to study the most simple vocal cord description : the two-mass model as proposed by Ishisaka et al. [2] . In Ishizaka's model, the shape of the vocal cords is determined by rectangular masses, such a description is certainly not suitable for implementing a moving flow separation position since flow separation would always occur at the sharp edges of the model. The proposed model is based on the same simple mechanical description as the two-mass model but for which the movement of the two masses are used as control parameters of a smooth surface as shown in figure 4.
- Figure 4 : rectangular two-mass model. smooth two-mass model.
Simulation results.
Several simulations and comparisons between the proposed model and the model of Ishizaka et a1. [2] were performed. The major results can be summarized as follows :
The predicted peak flows are strongly different from one model to the other. This effect is mainly due to the assumption of a vena contracta. As a matter of fact, assuming a vena contracta at the entrance of the glottal channel does not only underestimates the velocity itself (see figure 3 ) but also has consequences on the mechanical model through the pressure forces. a moving flow separation has significant influence on numerical results. When implemented, this effect does not only reduce the fundamental frequency but also affects the glottal waveforms. In particular the very strong and unrealistic negative peak flows of the time derivative volume velocity, which are typical of the rectangular two-mass model, are much more less pronounced with the proposed model as shown in figure 5. the use of a smooth-shaped model also allows a more realistic description of the vocal cords collision as well as some three-dimensional effects can be easily taken into account. For instance, the zip-like closure of the glottis can be described by assuming a mechanical contact prior to the glottis closure. Figure 6 is an example of results obtained using such a model. cm3.s 
